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ABSTRACT
Tobacco consumption causes a variety of respiratory diseases including lung cancer and
chronic obstructive pulmonary disease. These diseases occur when pathogens present in
cigarette smoke enter into the respiratory system and deposit in the airways or gas exchanging
membranes. Computational Fluid Dynamics (CFD) package FLUENT has been applied to
study the deposition patterns of cigarette smoke particles from sidestream and mainstream
smoke, as well as carcinogen size specific particles for NNK and BaP. A three dimensional
cast of an ideal three generation Weibel lung model and a three dimensional morphologically
accurate human replica lung model were used in the analysis. The human replica model was
made from MRI scans of a hollow cast taken from autopsy, and represents the left half of an
adult tracheobronchial region. Velocity profiles, secondary flows and wall shear rate were
investigated at each airway bifurcation. Particle deposition, both local and total was
determined for a range of respirable particles and breathing conditions. The general trend of
the deposition data for the ideal cast agreed well with our understanding of particle physics,
indicating the commercial CFD software accounted for the effects of gravity, particle inertia
and molecular diffusion. The deposition results were compared to experimental data (U.
California, Irvine) obtained from an ideal 3 generation hollow cast and the original hollow
cast from the human replica used to create the MRI images. Total deposition simulation
results in the ideal cast agreed well for 3 pm particles, but good agreement was not found for
10 pm particles. The data for the human replica model was within a few % of the
experimental error: mainstream smoke simulation was 3% compared to 4.3+0.9%
experimental; BaP simulation gave 5.4% compared to 8.71.6% experimental; sidestream
smoke simulation gave 4.6% compared to 6.6+0.5% experimental. More study is required to
determine the reason for the discrepancy with the larger size particles and to improve the
correlation between experiment and simulation. Future work will include comparing
simulations to experimental measurements for additional experimental conditions, using
different turbulent models and molecular diffusion models, investigating the particle tracking
accuracy of the commercial software for each deposition mechanisms and trying different
particle injection schemes. In addition, particle image velocimetry will be used to
experimentally determine the velocity profiles in the hollow casts and compare them with
simulation resutls.
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Chapter 1
Introduction
1.1 Overview
Tobacco consumption causes a variety of respiratory diseases including lung cancer and
chronic obstructive pulmonary disease (COPD), marked by formation of emphysema and
progressive destruction of the lung. These diseases occur when pathogens present in cigarette
smoke enter into the respiratory system and deposit in the airways or gas exchanging
membranes. When pulmonary vessels are altered life expectancy of the patient worsens.
Cigarette smoke is a hygroscopic, volatile and highly concentrated aerosol. Hence the
concentration, composition and the size of particle change with the environment where it is
released and the amount of time spent by the particle in the environment. The smoke is
divided into 2 phases, the particulate phase and the vapor phase. The components of cigarette
smoke are formed from gases evolved during pyrolisis of tobacco. The composition of
cigarette smoke consists of 70% ambient air, N2 and 02, 17% of C02, CO and H2, 8% of
particulate matter and remaining 5% is miscellaneous vapor (Robinson, 1998). Cigarette
smoke produces nearly 4000 known compounds and several unknown chemicals. These
particles get deposited in the lung by either mainstream smoke or side stream smoke. This
produces conditions such as nonneoplastic bronchopulmonary disease, bronchogenic
carcinoma, laryngeal cancer, coronary artery disease, chronic obstructive pulmonary disease
etc. to name a few (Sattar and Farzan, 1997).
There are 2 types of cigarette smoke. Mainstream smoke is the smoke exiting from
the mouth end of the cigarette during puff drawing, and the side stream smoke is the smoke
13
plume that drifts into the environment from the burning tip of the cigarette between puffs.
Lung deposition studies, both experimental and numerical, are important so that
knowledge can be gained about the behavior of different kinds of particles getting deposited
in the respiratory tract, which would help in disease etiology, risk assessment and inventing
drugs and inhalers for various kinds of diseases related to lung. There are two types of
deposition simulation models for the lung, each them are needed to obtain an accurate picture
of deposition. These models are:
1. Whole lung model: The Whole lung model covers the entire respiratory tract starting
from trachea and continuing till alveoli. This type of model is based on many
assumptions and usually uses Weibel geometry (Weibel 1991, Yu, 1978; Robinson &
Yu, 2001). It can only give average total or local by generation deposition. The
results obtained by this model have agreed very well with human subject data for
monodisperse stable particles
2. Partial lung model: This is either ideal or actual replica of the human lung. In either
case, only a section of the lung is studied. The ideal model is based on Weibel
geometry. The replica models are obtained by either MRI or CAT scans of living or
deceased subjects, or actual molding of the human lung obtained by autopsy. Partial
lung models are used to study deposition in one or more generations at a time. It uses
actual velocity profiles obtained from the CFD simulation results, instead of fully
developed parabolic velocity profile or plug velocity profile. This is also
computationally intensive, but can give surface concentration relative to cells that line
the wall. The entire lung cannot be simulated using partial lung models due to
computational expense. Results from these models cannot be compared directly to
14
human subject data, since only a partial lung is used.
1.2 Mechanism ofDeposition
The term "deposition" refers to the transfer of a particle from inhaled air to the surface of any
portion of the respiratory tract, from either nose or mouth to alveoli. There are 5 mechanisms
by which an aerosol particle deposits on a surface.
a) Interception: It occurs when particles do not depart from the streamlines. Particles
following streamlines arrive at the surface and get "intercepted" on the surface. The
chances of particle interception increases as the airway diameter become smaller.
b) Inertia Impaction: This occurs when particles cannot adjust to the sudden change of
streamline near the surface, and, due to inertia, depart from the streamlines and
impact on the surface. It occurs mostly at the bend in the airway system.
c) Diffusion: This happens when smaller particles having brownian motion hit the
surface. This is the most important deposition mechanism in the small airways and
alveoli.
d) Sedimentation: It represents deposition caused by gravity. The chance of particle
deposition in the respiratory tract by this mechanism increases as the particle size,
particle density and length of time (residence time) spent in the airways increase.
Airways residence time increases as the breathing rate slows. It occurs mostly in
medium-sized to small bronchi and bronchioles, where air velocity is relatively low.
e) Electrostatic Attraction: This is an important mechanism in filtration; however the
electrostatic charges are hard to quantify. Therefore, unless the quantity of charges is
known, this mechanism is often ignored.
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1.3 Motivation
It is necessary to have the knowledge of cigarette smoke particle deposition in the respiratory
tract and the concentrations of the cancer causing agents that are present in cigarette smoke,
by anatomic location, in order to understand the cause and origin of tobacco related cancer
disease. There are numerous cancer causing agents in the cigarette smoke, but in this work,
we look at BaP (BenzoaPyrene) and NNK.
Dr. Michael Oldham, a researcher at University of California at Irvine, has performed
experimental studies on a 3 generation weibel lung model and on a cast of a
morphometrically accurate replica of human lung model. The experimental deposition data
includes carcinogen specific sizes of NNK and BaP, as well as the total particulate matter
present in mainstream and side stream smoke, at various flow rates. The purpose of this
thesis is to complete the numerical simulation on the 3 generation ideal model and the human
replica lung model for the range of respirable particles, and various activity levels fareathing
conditions) and to compare the numerical and experimental results under conditions of
experimental study.
16
Chapter 2
Literature Review
Lung deposition studies have been a focus of research for several decades. Most of the
previous studies have been done on single, double and triple bifurcation weibel or PRB lung
model. PRB models are those models which are based on weibel geometry with some minor
modifications. Some deviations from the idealized lung model have been tried but they are
nowhere similar in geometry as compared to the actual human lung model.
Table 2.1 provides a list of studies on lung deposition using CFD and partial lung
geometries. Wilquem and Degrez (1997), Zhao et al. (1997) conducted numerical simulation
on 3 and 2 generations respectively involving only air flow to see the patterns of the velocity
profiles at the bifurcations. Balashazy et al. (2002) studied particle deposition in 2 generation
PRB model for particles of size 0.01, 1 and 10 pm. Oldham et al. (2002) performed a CFD
simulation on 3 generation PRB model to study the deposition of particles of 1 and 10 pm
sizes. Asgharian and Anjilvel (1994) did the same study on an ideal model with square cross
section for 20 and 30 pm sizes. Zhang and Kleinstreur (2001) and Zhang et al. (2001)
conducted particle deposition studies for 4 generations respectively on ideal model involving
stokes number in the range of 0.02-0. 12.
Zhang et al. (1997) used FTDAP to perform simulation on 4 generation PRB model
for stokes number in the range of 0.001-0.1. Balashazy et al. (1996) used both ideal and PRB
model to simulate deposition of 0.01 and 10 pm particle for 2 generations. Yu et al. (1996)
conducted numerical simulation on first two generation for particle sizes of 5 and 50 micron
using PHOENICS for a Reynolds number of 1000, 2100 and 3000. Lee et al. (1996) studied
17
2 generation ideal model for stokes number 0.04 and 0.29. Particle sizes of 3, 5 and 7 pm
were studied by Comer et al. (2000) in 3 generation ideal model.
No work has been carried out in the replica cast of the lung model by using CFD as a
tool for numerical simulation under exact geometry and breathing conditions. This study is
concerned with the deposition of cigarette smoke particles in an actual replica human lung
model with 6 generations. The proximity to the actual lung geometry makes this study
interesting and useful formedical science.
The objective of this thesis was to study the total and local deposition of cigarette
smoke particles in the ideal and replica of human lung model using GAMBrT/Fluent. The
ideal generation lung model is a weibel lung geometry which represents a symmetrical
idealized model of lung morphology from generation 3 to generation 5 and used to test the
software. The replica model was made from an actual left half of human lung from generation
3 to generation 8. The model consisted of edges created from an MRI scan. The task was to
render the file useful make faces and volume, mesh the model successfully. The model was
then used to study the deposition of mainstream and side stream smoke and specific (don't
know) sizes including BaP and NNK for a variety of breathing conditions. The CFD results
obtained from these 2 models were to be compared with the experimental data obtained by
Michael Oldham. Velocity profiles will be compared to PIV measurements in identical cast
model in future studies.
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Chapter 3
Background on Fluent
3.1 Features of Fluent 6.0
Fluent is the software used to simulate airflow and particle deposition in the lung model. The
following text was taken from the Fluent manual and website. There are 3 features involved
in any modeling and analysis software, these include:
Preprocessing: This is the first step in which the model is built or imported from a
CAD package. This model is then meshed suitably with a meshing scheme and size.
Subsequently boundary conditions are defined on edges and/or faces and/or volumes.
Processing: In this step, the CFD solver performs the calculations and produces the
result after the flow variables are defined with the given set of boundary conditions.
Post processing: This is the final step in the CFD analysis, in which the data and
images are organized and interpreted by means of contours, path lines, graphs etc.
The unique capabilities of Fluent 6.0 in unstructured, finite volume based solvers are
nearly ideal in parallel performance. Fluent uses unstructured meshes in order to reduce the
amount of time the user spends generating meshes, simplify the modeling of geometry and
mesh generation process, model more-complex geometries that user can handle with
conventional, multi-block structured meshes. Fluent is capable of handling triangular and
quadrilateral elements (or a combination of two) in 2D and tetrahedral, hexahedral, pyramid,
and wedge elements (or a combination of these) in 3D. This flexibility allows the user to
pick mesh topologies that are best suited for this application. Fluent can be used to adapt all
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types of meshes in order to resolve large gradients in the flow field, provided an initial mesh
is generated in a pre-processor like GAMBFr, T-GRJD or any other CAD system for which
mesh import filters exists. Fluent provides two different solver formulations:
1. Segregated: It solves the continuity, momentum and (where appropriate), energy and
species equations sequentially. It has been traditionally used for incompressible and
mildly compressible flows. This is the default solver in Fluent.
2. Coupled: It solves the continuity, momentum and (where appropriate), energy and
species equations simultaneously. This is designed for high speed compressible flows.
This can be further divided into 2 categories:
a. Implicit: This is used when highly coupled flows with strong body forces (e.g.
buoyancy or rotational forces), or flows being solved on very fine meshes. It
requires more memory but leads to faster convergence than segregated solver.
b. Explicit: This is generally used when less memory is present in the machine. It
takes longer to time to converge as compared to implicit solver.
The 3 and 7 generation lung model were solved using laminar viscous flow. Fluent provides
five different turbulence models:
1 Spalart-Allmaras model: This is effectively a low-Reynolds number model,
requiring the viscous-affected region of boundary layer to be properly resolved. It
comprises of one-equation to solve the modeled transport equation for kinematics
eddy (turbulent) viscosity. This is unstable and relatively new to be considered for all
types of complex engineering flows. This is best used for crude simulations on coarse
meshes where accurate turbulent flow computation are not critical.
2 K-C model: It stands for turbulent kinetic energy (K) and turbulent dissipation rate
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(C). This is of 3 types:
a. Standard K-G model: This is the simplest two-equation turbulence model in
which the solution of two separate transport equations allows the turbulent
velocity and length scales to be independently determined. This is robust and
reasonably accurate for a wide range of turbulent flows.
b. Renormalization-group (RNG) K- model: This was derived using rigorous
statistical technique (called renormalization group theory). It is similar to standard
K-C model with following refinement:
Additional term in C-equation to improve accuracy for rapidly strained flows.
The effect of swirl is included, thereby making it accurate for swirling flows.
Unlike standard model, it uses analytical formula for turbulent Prandtl
number.
It also accounts for low-Reynolds-number effects.
c. Realizable K- C model: This is different from standard K- C model in two ways:
It contains a new formulation for the turbulent viscosity.
A new transport equation for dissipation rate (C) has been derived from an
exact equation for the transport of the mean-square vorticity fluctuation.
3 K-o> model: This is of 2 types:
a. Standard K-to model: It is based on Wilcox K-co model, which incorporates
modifications for low-Reynolds-number effects, compressibility, and shear flow
spreading.
b. Shear-stress transport (SST) K-o model: It blends the robust and accurate
formulation of K-oo model in the near-wall region with the free-stream independence
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of the K-C model in the far field.
4 Reynolds stress model (RSM): This model closes the Reynolds-averaged Navier
Stokes equations by solving transport equation for the Reynolds stresses, together
with an equation for the dissipation rate. It has greater potential to give accurate
predictions for complex flows. It is basically used in cyclone flows, rotating flow
passages, and the stress-induced secondary flow in ducts.
5 Large eddy simulation model (LES): This is situated between direct numerical
simulation (DNS) and Reynolds-averaged Navier Stokes (RANS) approach. It is used
with large computer hardware performance coupled with availability of parallel
processing.
3.2 Multiphase Flows and Types in Fluent
In the CFD world Multiphase flow is defined as either: Matter with different phases (i.e. gas,
liquid, solid) or Matter with different chemical substances but with same phase (e.g. Oil-
water). As shown in Figure 3.1, there are 2 approaches for numerical simulation of
multiphase flows:
1 Euler- Lagrange Approach
Fluid phase is treated as continuum.
Dispersed phase (e.g. particles, bubbles and droplets) is solved by tracking
particles through flow-field.
Can exchange mass, momentum and energy with the fluid phase.
Assumes particle-particle interaction to be negligible.
Requires low volume fraction (uptolO%) of dispersed phase.
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2 Euler- Euler Approach
Different phases are treated as interpenetrating continua.
Conservative equations are developed for each phase and/or mixture of phases.
Phases are coupled through interphase exchange terms.
Multiphase flows
Euler-Lagrange Euler-Euler
1
I
EulerianLagrange Discrete Phase Model Volume of Fluid Mixture
Figure 3.1 Types ofMultiphase flow
3.3 Discrete PhaseModeling
The discrete phase model (DPM) can be included in the Fluent model by defining the initial
position, velocity, size and temperature of individual particles. These initial conditions along
with the physical properties of the discrete phase are used to initiate trajectory and heat/mass
transfer calculations. The trajectory and heat/mass transfer calculations are based on the
force balance on the particle and on the convective/radioactive heat and mass transfer from
the particle, using the local continuous phase conditions as the particle moves through the
flow. Numerous applications using DPM model are particle separation and classification,
spray drying, aerosol dispersion, bubble sparging of liquids, liquid fuel and coal combustion.
Fluent can be used to predict the discrete phase patterns based on a fixed continuous
26
phase flow field (an uncoupled approach), or by including the effect of the discrete phase on
the continuum (a coupled approach). For the uncoupled calculations, there are 2 steps to be
performed: (1) Solve the continuous phase flow field and (2) Plot and report the particle
trajectories for discrete phase injections of interest. This procedure is adequate when the
discrete phase is present at a low mass and momentum loading, in which case the continuous
phase is not impacted by the presence of discrete phase. The coupled approach is a 5 step
procedure:
1. Solve the continuous phase flow field (prior to introduction of the discrete phase).
2. Introduce the discrete phase by calculating the particle trajectories for each discrete
phase injection.
3. Recalculate the continuous phase flow, using the interphase exchange of mass,
momentum and energy determined during the previous particle calculation.
4. Recalculate the discrete phase trajectories in the modified continuous phase flow
field.
5. Repeat the previous two steps until a converged solution is achieved in which both
the continuous phase and the discrete phase particle trajectories are unchanged with
each additional calculation. This procedure is used when a high mass and/or
momentum loading of discrete phase is present because then the continuous phase is
impacted by discrete phase.
In order to predict the discrete phase trajectories and heat/mass transfer, Fluent requires the
particle to be defined. There are 3 types of particles. An
"inert"
particle is a discrete phase
element (particle, droplet, bubble). A
"droplet" is a liquid droplet in continuous-phase gas
flows. A "combusting" particle is a solid particle that experiences heating/cooling.
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There are different types of injection which can be used in discrete phase modeling to
introduce the particles into the flow field. These are single, group, surface, cone and file
injections. Except for file injection, all the different kinds of injection can be defined in the
Set Injection Properties panel of Fluent.
1 Single Injection: The following initial conditions are defined for the particle stream
under the Point Properties heading:
Position: It includes x, y, and z positions of particle stream.
Velocity: It sets the x, y, and z components of initial velocity.
Diameter: Set the initial diameter of injected particle stream.
Temperature: Set the initial absolute temperature of injected particle stream.
Mass flow rate: Set the mass flow rate of particle stream.
Duration of injection: Set the starting and ending time for injection, in unsteady
particle tracking.
2 Group Injection: All the properties defined in the single injection are defined for the
first point and last point in the group. The number of particle to be injected is also
defined in the panel.
3 Surface Injection: All the properties described for single injection except for initial
position are defined. The initial position is chosen by choosing the surface in the
panel itself.
4 Cone Injection: This uses the same inputs as single injection and some additional
data which are described below:
Axis: The x, y and z components of the vector defining the cone's axis.
Cone Angle: Set the included half angle, of hollow spray cone.
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Radius: A non-zero inner radius can be specified to model injections that do not
emanate from a single point.
Swirl Fraction: Set the fraction of velocity magnitude contributing to swirling
component of the flow.
5 File Injection: Particle initial conditions are read from an external file with all the
parameters in SI units. The text file can be generated by a code written in the Mat lab
or written in directly in a text document. The text file contains the data of x, y, z
coordinates of position, u, v, w components of velocity, temperature(T), diameter(d)
and mass flow rate(m) of every particle. The text file is written in this format (( x y z
u v w d T m) ). The number of particles is equal to the number of rows of data in the
text file. As illustrated in Section 3.4 below, defining the initial velocities u, v and w
for the particles yields different results than prescribing the mass flow rate, m. This
will be investigated further in future work.
3.4 Evaluation ofParticle Injection Schemes
Various simulations were carried out to see the effect of number of particles injected inside
the lung model on the % deposition on the walls at different breathing rates and for different
diameter particles. The 3 generation model was used to test different injection schemes to
determine which type of model yielded the best results. Specifically, we wanted to insure
that the deposition results were independent of the number of particles prescribed at the inlet.
The particle flow can be prescribed as either mass flow of particles or initial velocity of
particles. Using mass flow of particles is preferable, since the experimental conditions are
described in terms of particle concentration which can be easily converted to particle mass
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flow. However, results indicated that the number of particles did affect the results in the case
of prescribing mass flow rate of particles, but not in the case of prescribing initial particle
velocity. The temperature was kept constant at room temperature. Results of this analysis are
described below.
3.4.1 PrescribingMass Flow Rate of Particles
In the first approach, the mass flow rate of particles was prescribed and the number of
particles at the inlet was varied from 500 to 4500, randomly distributed, for various mass
flow rates. These numbers were chosen randomly in multiples of 500 and had no
significance. Airflow rate was held constant at 7.5 liters/min. The mass flow rate was
determined by multiplying the particle concentration by the airflow rate. Table 3.1 lists the
concentrations tested and the mass flow rates.
Table 3.1 Mass Concentrations and Flow Rates Tested
for dependence on number of particles
Mass Concentration (kg/m3) Mass Flow Rate of Particles (kg/s)
5X10"4 6.25 x 10"8
16 x 10"4 20 x 10"8
50 x 10~4 62.5 x 10"8
350 x 10^* 437 x 10~8
500 x 10"4 500 x 10"8
The results for a variation of mass flow rates are shown in Figure 3.2 and Figure 3.3
for particle sizes 0.1pm, 1 pm and 10 pm. These sizes were chosen since they show the range
of all the respirable particles. It can be seen from these Figures that the % deposition is
varying for 0.1 pm, 1 pm and 10 pm when number of particles is changed from 500 to 4500.
The variation is worse for 10pm particles. This modeling approach was discarded because the
% deposition varied with the number of particles for different particle mass flow rate and
diameter.
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3.4.2 PrescribingMass Flow Rate withMultiple Particle-file Input
In the second approach, the mass flow rate of particle and multiple injections generated
randomly and distributed uniformly for breathing rate of 7.5 liters/min was taken. In this case
the injection file was kept the same, each file had 500 particles, but it was used multiple
times in a single simulation to yield the variation of particle number. The effect of this was
studied and the graphs are shown in Figures 3.4 and Figure 3.5 for the mass flow rates listed
in Table 3.1. The figures indicate that using multiple file inputs yields different results for
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the same mass flow rates compared to single file input results presented in Section 3.4.1. This
modeling approach was also discarded.
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3.4.3 Prescribing Initial Particle Velocity using one file
This modeling approach prescribed the initial particle velocity instead of mass flow rate of
particles. Both the breathing rates of 1.5 liters/min and 7.5 liters/min, corresponding to
experimental conditions, were tested. Figure 3.6 shows the results for 7.5 liters/min for
particles sizes 0.1 pm to 10 pm diameters. The % deposition remains same for every
diameter range except for 10 pm particle, in which case the % deposition varies slightly by +-
1.5 % of the mean value. For breathing rate of 1.5 liters/min, shown in Figure 3.7, there is no
variation in % deposition for any size of particles. Hence we can conclude that in order to get
results that are independent of number of particles injected, the initial particle velocity must
be prescribed instead of the mass flow rate. In addition it is possible to specify only 500
particles which will allow easier post processing of local deposition.
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Chapter 4
Ideal lung model
4.1 Model Description
This section describes the geometry, meshing scheme and boundary zone definitions for the 3
generation ideal lung model.
4.1.1 General Description
An ideal lung model is made up of regular geometry in tubular shapes connected to each
other at certain angles. In this case the ideal lung model is made up of 3 generations of what
is known as the Weibel lung model (Weibel, 1991), and includes generations 3, 4 and 5. The
shaded geometry in Figure 4.1 shows a cylinder (generation 3) getting bifurcated into 2
branches which are known as generation 4. These 2 branches subdivide further into 2
branches to make generation 5. This type of airway geometry is known as regular dichotomy
in which the diameter and length of the airway segment decreases with each branching. The
two conjugate daughter branches are of equal size, smaller than the parent branch by a
constant factor, and branch off their parent at a constant angle.
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Figure 4.1 Geometry of 3-generation human lung model
4.1.2 Meshing and Boundary Zone Definition
The meshing was done using Tet/Hybrid elements of type TGrid having an interval count of
10. In all, 169,139 cells were generated. The
'elements' define the shape(s) of the elements
that are to be used to mesh the volume. The 'type' parameter defines the meshing algorithm.
Tet/ Hybrid elements specifies that mesh is composed primarily of tetrahedral mesh elements
but may include hexahedral, pyramidal, and wedge elements where appropriate. TGrid
algorithm creates such type of elements. The mesh is shown in Figure 4.2.
The inlet face, face 1, is defined as mass flow inlet and outlet faces face 2, face 3, face
4 and face 5 are defined as pressure outlets. The mesh is exported into Fluent for processing
and post processing.
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Figure 4.2 Meshed 3-generation human lungmodel
4.2 Results
This section defines the boundary conditions used in the numerical analysis of the 3-
generation lung model. The velocity profiles along the center line of the model are presented
along with the total and local deposition in the airways. The deposition results are discussed
relative to their qualitative agreement with deposition physics and then compared with the
experimental data on identical hollow casts.
4.2.1 Boundary Conditions andModel InputData
The 3 generation model was solved with the mass flow rate and pressure outlet boundary
condition. The mass flow rate, m', of air entering the model was determined from the volume
flow rate, V, using 'm = p * V, where p is the density of the air. The resulting mass flow
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rates used as the inlet boundary condition were 3.05xl0"5 kg/s for 1.5 lit/min, 8.13xl0~5 for 4
lit/min and 15.25xl0"5 kg/s for 7.5 lit/min. These breathing rates were selected because
experimental results were available for them. The outlet pressure was atmospheric in each
case. The boundary condition used for wall was "trap" meaning particles do not bounce. File
injection was used to inject the particles. The MatLab code to distribute the particles
randomly at the inlet face, shown in Figure 4.3, is written in Appendix A.l. The number of
particles injected in each run was 500 and it was chosen to minimize the manual particle
tracking needed to determine local deposition. The particles were assumed to be entrained in
the flow so that the initial particle velocity was taken as the initial air velocity. The injection
particles used were polystyrene latex having a density of 1050 Kg/m3.
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Figure 4.3 Distribution of injection particles at the inlet face
40
4.2.2 Velocity Profiles at Bifurcations
The model was run in the vertical and horizontal position, the later position was necessary for
experimental comparison. The effect of gravity was taken into account. In both the cases, the
gravity was directed towards +Z direction. The 3 generation model is symmetrical and hence
a plane was created in Fluent from the middle of the lung model along Y axis. For the
horizontal position, velocity contours for flow rates 1.5 and 7.5 liters/min are shown in
Figures 4.4 and 4.5, respectively. For the vertical position, flow rates of 1.5, 4 and 7.5
liters/min are shown in Figures 4.6, 4.7 and 4.8, respectively. Since the geometry is
symmetric so the velocity profile is also symmetric. The velocity of air on the wall is zero
according to the no slip condition. These velocity profiles will be compared to particle image
velocimetry measurements in identical cast geometries in future work.
Figure 4.4 Velocity contour at 1.5 liters/min in horizontal position
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Figure 4.5 Velocity contour at 7.5 liters/min in horizontal position
Figure 4.6 Velocity contours at 1.5 liters/min in vertical position
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Figure 4.7 Velocity contours at 4 liters/min in vertical position
Figure 4.8 Velocity contours at 7.5 liters/min in vertical position
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4.2.3 Total Deposition in the Cast
This section discusses total and local deposition results for the ideal lung model. The post
processing steps in determining the total and local deposition are also discussed. The results
are compared between different particles at different breathing rates to see whether they
conform to the physics of the deposition.
The deposition data was obtained from Fluent through the discrete phase modeling
technique. The Fluent panel window shows the number of particles injected, number of
particles trapped, number of particles escaped, number of particles reflected and number of
incomplete particles. After each converged solution the trapped number of particles was
divided by number of particles injected to calculate the % total deposition. This data was then
put into the excel spreadsheet to plot the % total deposition graphs of different particles at
different breathing rates.
Figure 4.9 shows the deposition data for particle sizes are various breathing
conditions for the vertical position. At the breathing rate of 1.5 liters/min, the value of
deposition decreases from 4.6% to 4.4% when particle diameter is changed from 0.01 pm to
0.1 pm. It keeps on decreasing to 2.2% when the diameter is 3 pm. After that the deposition
increases from 2.2% to 2.6% when particle size is changed from 3 pm to 5 pm and then it
continues to increase to 4.6% when the particle diameter is 10 pm. For a breathing rate of 4
liters/min, the value of total deposition decreases from 4.2% to 3.8% and drops further down
to 1.4% for diameters of 0.01, 0.1 and 1 pm, respectively. The deposition curve then takes the
shape of a parabola with values of 2.8%, 3.8%, 6.4%, 9.2% and 1 1.4% for 3, 5, 7.5, 9 and 10
pm sized particles, respectively. The total deposition curve for different particles at a
breathing rate of 7.5 liters/min is shown in the same figure. The deposition decreases from
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3.2% to 3% and continues to 1.6% when the diameter is changed from 0.01 pm to 3 pm.
After this, the graph assumes a parabolic shape taking values of 4.6%, 9.2%, 17.8% and
26.53% for diameters of5, 7.5, 9 and 10 pm, respectively.
Total deposition in vertical position at various
breathing rates
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Figure 4.9 Total deposition curves in vertical position for various breathing rates
Figure 4.10 shows the deposition data for 0.1, 0.44, 1, 3, 6, 8 and 10 pm particles in
horizontal position for various breathing rates. At the breathing rate of 1.5 liters/min, the
value of deposition decreases from 4.8% to 2.2% when particle diameter is changed from
0.44 pm to 1 pm. It then increases to 2.6% when diameter is 3 pm and continues to increase
to 8.2% when particle diameter is 10 pm. For a breathing rate of 7.5 liters/min, the value of
total deposition decreases from 2% to 1.8% and drops further down to 1.6% for diameters of
0.44, 1 and 3 pm, respectively. The deposition curve then increases to 5.8% at a diameter of
6 pm and further up to 23.2% for 10 pm size.
The total deposition results shown here for the ideal lung model are consistent with
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particle deposition physics. Deposition occurs due to the combined mechanisms of
sedimentation, impaction and diffusion. Diffusion decreases with increase in particle size
while sedimentation and impaction increases with particle size. Therefore a minimum
deposition efficiency occurs for particles that are too small to deposit by sedimentation and
impaction and too large to deposit by diffusion. For the ideal model, this minimum occurs
between 2 pm and 4 pm depending on the flow rate. A maximum deposition will be found
for larger particles at largefHow rates, as seen in here for the ideal model at 7.5 lit/min for a
10 pm particle. These results indicate that particle deposition results are qualitatively correct.
Total deposition in horizontal position at various
breathing rates
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-7.5 litres/min
5 10
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Figure 4.10 Total deposition curves in horizontal position for various breathing rates
4.2.4 Local Deposition in the Cast
The local deposition refers to the per generation deposition of the particles inside the lung
model. This section includes the method by which local deposition data of diameter 0.44, 1, 3
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and 10 pm were obtained and then the individual plots are discussed. The comparison of
local deposition data for various particles at various flow rates is also done to identify any
kind of local deposition pattern, which may exist.
The data was obtained by particle tracks panel in the Fluent. Each of the injected
particles is assigned a unique identification number by the software. Every particle is tracked
to see whether it is getting deposited or not. If it gets deposited, then the location of the
particle deposition is determined by tracking it visually. This method gives the local
deposition of particle in every generation and then it is divided by number of particles
injected to get the % local deposition.
The local deposition is shown in Figure 4.11 for particle sizes 0.44 pm, 1 pm, 3 pm
and 10 pm for flow rates of 1.5 lit/min and 7.5 lit/min. In each generation, the characteristic
particle deposition curve is present. That is, there is a minimum deposition that occurs for
particle sizes that are too small to deposit by impaction or sedimentation and too large to
deposit by diffusion. For increased breathing rates, the 10 pm particle deposition increases
due to increased impaction while the 0.44 and 3 pm deposition decreases due to decreased
residence time and therefore decreased sedimentation.
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Figure 4.11 Local deposition curves for 0.44 pm, 1 pm, 3 pm and 10 pm particles
(Note: Model was not run for 1 pm particles at 1.5 lit/min.)
4.2.5 Comparison with Experimental Data
Simulation results were compared to experimental measurements made on an identical
hollow cast model for similar experimental conditions (University of California, Mike
Oldham). The CFD and experimental data for total deposition and top/bottom deposition at
breathing rates of 1.5 and 7.5 liters/min is presented in this section for 1, 3 and 10 pm
particles for the cast in the horizontal position. The top/bottom deposition in the lung model
was obtained by tracking each particle visually. The total deposition was the sum of the
particles depositing on the top and bottom of the cast. Experimental values obtained from
Dr. Mike Oldham were found by making 2 symmetrical cast representing top and bottom
portions of the lung model. After experimental runs, the cast was opened and the particles
were counted on the top and bottom parts. This was done to determine if the CFD is
accurately accounting for gravity effects on deposition. The results from experimental runs
48
are shown in Table 4.1. The simulations were run only once for each case and hence there
was no uncertainty associated with the results obtained. An error due to misjudging the final
particle position is 0.2% per particle for an injection file of 500 particles. A comparison of
top/bottom deposition between CFD and experiment data, shown in Table 4.2, shows good
agreement. A comparison between total deposition obtained by CFD and experiment is
shown in Table 4.3. The agreements was not within the experimental error range for 10 pm
particles but was within experimental error for 3 pm sizes. No range is available for 1 pm
particles. The reason for the large discrepancy for 10 pm particle is currently being
investigated.
Table 4.1 Experimental Deposition data in horizontal position (U. California, Irvine)
Diameter
(pm)
Breathing
Rate
(lit/min)
% Total Deposition
(Average of 2 runs)
Deposition on Top of the
Cast
(% ofTotal Deposition)
Run
1
Run
2
Average Run
1
Run 2 Average
10 7.5 85 81 83+2 37 28 32.54.5
10 1.5 45 42 43.41.6 5 10 7.52.5
3 7.5 1.5 3.4 2.5+1 43 42 42.50.5
3 1.5 1.0 2.1 1.60.6 52 52
1 7.5 0.06 0.06 39 39
Table 4.2 Comparison of % Top/Bottom deposition by CFD and Experiment
Diameter
(pm)
Breathing Rate
(lit/min) % Deposition on Top % Deposition on Bottom
Experiment Simulation Experiment Simulation
10 7.5 32.54.5 29.3 67.54.5 70.7
10 1.5 7.52.5 19.51 92.512.5 80.49
3 7.5 42.50.5 43.75 57.50.5 56.25
3 1.5 52 45.45 480.5 54.55
1 7.5 39 44.4 61 55.6
49
Table 4.3 Comparison between Simulation and Experimental
Deposition Data for Total Deposition
Diameter
(pm)
% Deposition for Flow Rate
1.5 liter/min
% Deposition for Flow Rate
7.5 liter/min
Simulation Experiment Simulation Experiment
0.44 4.8 - 2 -
1 - - 1.8 0.06
3 2.2 1.610.6 1.6 2.511
10 8.2 43.411.6 23.2 8312
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Chapter 5
Model of a Morphologically Accurate
Replica of the Human Lung
5.1 Model Description
This section consists of the description of morphologically
accurate replica of human lung model and how it was
created. The efforts in correcting the corrupt edges and faces
are described and the meshing scheme and the boundary
zone definitions are also discussed.
5.1.1 General Description
The lung model is an actual representation of left lung
of 30 year male provided to us by researchers at the
University of California at Irvine and the University of
Oklahoma. The process used to create the model is
briefly described here. A section of an existing replica
lung cast made using silicone rubber (Figure 5.1) was
scanned using MRI, and processed by converting axial
anatomical images from two-dimensional to three-
dimensional images. Using Adobe Photoshop 5.5
(Adobe Systems Inc. San Jose, CA) the axial anatomical
images were digitized. Manually digitizing and
Figure 5.1 Photo of the solid
replica airway model used
to create the digital model
used for numerical
simualtion.
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exporting regions of interest allowed the files to be stacked and produced a three-
dimensional point cloud of the airway structures. The completed 3-dimensional point
cloud was then imported into VPSculpt (Visible Productions Inc. Ft. Collins, CO) and
rendered with three-node polygons (Clinkenbeard et al. 2002). With obvious errors
repaired, the digitized model was exported to various file formats to be imported into
Gambit. The original geometry comprised originally of 461 faces and 1840 edges. The
edges and faces were cleaned and volume created as described in Section 2.1.2. Figure
5.2 shows the geometry of the human replica lung model showing the airways that make
up each generation.
5.1.2 Geometry Rendering
There was a large amount of corrupt edges and faces in the original geometry file so a great
deal of time was dedicated to removing the corruptions in the geometry and creating a file
that could be meshed successfully in Gambit. The procedure followed to remove the bugs in
the geometry is described here in detail, since future replica models will need to be rendered
in a similar fashion. To locate errors in the geometry using Gambit, all the edges of the lung
model were picked up in the "Mesh
Edges" form. As soon as they were selected, an error
appeared in the 'Transcript" window stating "Edge 1233, 1236 and 1244 have bad
parameterization."To correct this, it is necessary to create virtual edges to replace the
original real edges. These virtual edges can then be used to create faces and volumes. Fluent
will ignore any real edge that is not selected to create a face or volume. Table 5.1 lists the
bad real edges and the new virtual edges that replaced them. Figure 5.3 illustrates the
location where these edges can be found. Virtual faces were then created using a
combination of the new virtual edges and uncorrupted real edges, in place of each real face
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that was affected by the original corrupt edges. Table 5.2 lists these new virtual faces, and
Figure 5.4 illustrates where these faces can be located.
A first attempt to create a volume from the corrected geometry was made by merging
the faces, selecting the good real faces and the new virtual faces in place of corrupt faces that
make up the entire lung volume. Gambit was unsuccessful creating a volume stating the
error "Check faceconnectivity."This error means that there are some real edges in the model
which were not converted into faces resulting in holes in the volume. In addition, some
original faces in the model had acute-angled edges which create problems during the meshing
step, in such cases; Gambit will not create a volume. Hence, the mesh was carefully
examined for these errors and virtual faces created in place of real faces so that the angles
were increased. Figures 5.5 to 5.11 illustrate the location of the new virtual faces that were
created. The geometry was cleaned until the original real uncorrupt faces and new virtual
faces could be successfully stitched together to create a virtual volume.
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Figure 5.2 Geometry of the human replica lungmodel illustrating the airways
thatmake up each generation.
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Figure 5.3 Corrupt edges 1233, 1236 and 1244 that were replaced by virtual edges as
listed in Table 5.1
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Figure 5.4 Corrupt faces 307, 309, 310 and 311 that were replaced by virtual faces as
listed in Table 5.2
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Table 5.1 List of virtual edges that replaced corrupt edges in the original geometry
file
Real (corrupt) Edges Virtual Edges
edge 1233 edge 1933
edge 1236 edge 1934
edge 1244 edge 1932
Table 5.2 Virtual faces created to replace corrupt faces in the original geometry file
Edges Corrupt Face Virtual Face
1234, 1235, edge 1934, edge 1933 Face 309 v_face 528
1228, 1226, edge 1932, edge 1934 Face 307 v_face 526
1241, 1243, 1237, edge 1932 Face 311 v_face 530
1237, 1239, 1238, edge 1933 Face 310 v_face 532
face 464
face 462
face 466
Figure 5.5 Virtual faces v_face 462, v_face 464 and v_face 466
56
face 504
face 506
face 468
face 505
face 500
face 474
Jace 502
Figure 5.6 Virtual faces vjface 468, v_face 474, vjace 500,
vjace 502, v_face 504, v_face 505, vjace 506
face 475
face 473
face 471
face 469-
face 472
Figure 5.7 Virtual faces v_face 469, v_face 471, vjace 472, v_face 473, v_face 475
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face 51 6
if~~
face 51 4
face 51 8
face 505
face 506
face 51 1
Figure 5.8 Virtual faces vjace 505, vjace 506, vjace 511, vjace 512,
vjace 514, vjace 516, vjace 518
face 481
face 483
face 479
face 478
y\\j I u
l '- > ! "i
1 1 '/
/,11 fir // '
face 488
face 487
I/ 1 1 rr^c /uJ. L.
Figure 5.9 Virtual faces vjace 478, vjace 479, v-face 481, v-face 483,
v-face 485, vjace 487, vjace 488
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face 545
face 536
face 534
face 544
Figure 5.10 Virtual faces vjace 524, vjace 534, vjace 536, vjace 538,
vjace 540, vjace 541, v-face 543, vjace 544, v-face 546, v-face 545
Figure 5.11 Virtual faces vjace 490, v-face 492, vjace 495, vjace 496,
vjace 497, vjace -199
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5.1.2 Meshing and Boundary Zone Definition
The model boundary zones were defined as mass flow inlet at the initial generation inlet port
(generation 3 of the human lung) and pressure outlets at each of the 8 terminal generations, as
shown in Figure 5. 12. Due to the irregular nature of the model, some decisions must be made
to approximate which faces actually make up the outlet. Table 5.3 lists the boundary zone
definitions used in this model, indicating the faces that were chosen to define inlet and outlets
surfaces. In future studies of this model, the choice of inlet and outlet faces and their effect
on the airflow and deposition should be closely examined.
Table 5.3 Boundary zone definition
Mass Flow Inlet vjace 532, vjace 530, face 312, face 313
Pressure outlet 1 vjace 462
Pressure outlet 2 face 409, face 410, face 41 1, face 452, face 453
Pressure outlet 3 face 144, face 384, face 141, face 142, face 136, face 382
Pressure outlet 4 face 344, face 345, face 346, face 10
Pressure outlet 5 face 137
Pressure outlet 6 face 16, face 17, face 18, face 19
Pressure outlet 7 face 128, face 130, face 386
Pressure outlet 8 face 35, face 36, face 37, face 38
In order to have a high density mesh at the bifurcations of the model, the edges near
the bifurcation were meshed with an interval count of 10 and a successive ratio of 1.1. This
means that each edge was divided into 10 elements with a spacing of 1.1 times the interval
length of the preceding element. Edges that were meshed with this scheme are listed in
Appendix B. The virtual volume has a very complex geometry so tetrahedral elements
(Tet/Hybrid) of the type T-Grid were the best choice for meshing the entire model. An
interval size of 0.3mm was chosen. Volume mesh details are summarized in Table 5.4.
Figure 5.13 shows the mesh at the bifurcation
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The resulting mesh was checked for face mesh skew ness and volume mesh skew
ness. Mesh skew ness is a measure of mesh quality that relates the largest angle in the
element to the smallest angle in the element. The skew ness of 90% of the elements in the
face mesh should lie from 0-0.7 so that the volume mesh can be created. A volume mesh that
has a large number of skewed elements could result in convergence problems or incorrect
solutions. The skew ness of the face and volume meshes, shown in Tables 5.5 and 5.6,
respectively, for the lung model falls within the acceptable range.
Table 5.4Meshing scheme and size used for volume mesh
Volume Elements Tet/Hybrid
Type T-Grid
Interval Size 0.3 mm
Total number of elements 166,354
Table 5.5 Skew ness values of different range of face mesh
Skewness 0-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1
Elements 93.17% 3.86% 1.49% 0.61% 0.49% 0.27% 0.11% 0%
Table 5.6 Skew ness values of different range of volumemesh
Skewness 0-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1
Elements 26.09% 37.90% 25.04% 8.56% 2.02% 0.36% 0.03% 0%
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Mass flow inlet
Pressure Outlet 1 9
Pressure Outlet 2 JM 3
yfflH
Pressure Outlet 4 iJB | """ Pressure Outlet 8
I Pressure Outlet 7
M """ ^~--.__^Br Pressure Outlet 3 Pressure Outlet 6
^^ Pressure Outlet 5
Figure 5.12 Mesh of human replica lung model
with boundary zone definitions
^
rrW ^KS Bifurcation 2
Figure 5.13 Sample face mesh. (Bifurcation 2)
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5.2 Results
This section defines the boundary conditions used in the CFD analysis of the human replica
lung model. The contours of velocity profiles at the bifurcation, secondary flow patterns, and
the total and local deposition in the cast are discussed. The deposition results are then
compared with the experimental data to see the effectiveness of Fluent/Gambit as a CFD tool
for carrying out such studies.
5.2.1 Boundary Conditions
The human replica model was simulated with the mass flow rate and pressure outlet
boundary condition. The breathing rate of air was input as the mass flow rate and the values
used were 1.5, 2.01, 4, 6 and 7.5 liters/min. The outlet pressures were defined as equal for
each of the terminal airways, since this is equivalent to the experimental conditions. In
actuality, the pressure drop across each airway will be different and should be accounted for
when predicting the actual flow field in the lung. The wall was set to
"trap"
boundary
condition. File injection scheme was used to inject the particles in a random fashion as
shown in Figure 5.14. The MATLAB code to distribute the particles randomly at the inlet
face is given in Appendix A.2. The injection particles tested were the average sizes measured
in mainstream and side stream smoke, and specific carcinogen sizes present is smoke -
Benzo[a]pyrene (BaP) and NNK, each having a density of 1050 Kg/m3. Mainstream particles
have diameter of 1.25 pm, side stream have 0.46 pm, BaP have 0.37 pm and NNK have a
size of 0.48 pm. The number of particles injected in each run was 500 and it was chosen to
minimize the time required to count by particle tracking, and as discussed earlier in Chapter
3, the calculated % deposition is independent of the number of particles injected.
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Figure 5.14 Random distributions of injection particles at the inlet
face for the human replica model.
5.2.2 Mass Flow Rate in Each Airway
Mass conservation was examined for each bifurcation and over the total lung model for each
breathing rate. Figures 5.15, 5.16 and 5.17 provide flow rates in each airway for breathing
rates of 1.5, 2.01 and 7.5 liters/min, respectively. The inlet area is estimated to be 0.2463
cm2, so that the mass flow rates for this inlet are 3.05xlO"5, 4.09xl0"5,
15.75xl0"5
kg/s, for
1.5, 2.01 and 7.5 liters/min breathing rates respectively. Adding the flow rates for each
terminal airway indicates that mass is conserved. The airway naming convention is given in
Figure 5.18. Figure 5.19 shows a comparison of the airway mass flows for different
breathing rates. The variation in flow rate is similar for the different breathing patterns and
varies only in magnitude. The resulting pattern is consistent with the applied boundary
conditions of equal pressure at the outlets, so that a larger flow rate is seen in airways with
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larger diameters. For example, at the first bifurcation a larger mass passes through airway 1
than airway 2. At the
2nd bifurcation, twice the mass flow goes toward airway 1 1 compared
to airway 4, and the result is less mass flow in each of the airways in the branches off of
airway 4 compared to those off of airway 11. Another cause for the decreased flow rate in
airway 4 is the larger bifurcation angle. In future work these flow rates will be investigated
further to determine their relation to bifurcation angle, airway length and diameter as well as
deposition patterns to determine if any correlations exist.
5.301 e - 6
1.036 e - 6
6.7037 e - e -
1.7073 e -6
4.9984 e - 6
6.3199 e -7
4.3645 e - 6
3.OS e - 5
2.52 e - 5
7.74 e - 6 1 .746 e - 5
4.107 e - 6
1.335 e -5
1.087 e - 5
2.484 e - 6
Figure 5.15 Mass flow rates (Kg/s) at different bifurcations for
breathing rate of 1.5 liters/min
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Figure 5.16Mass flow rates (Kg/s) at different bifurcations for
breathing rate of 2.01 liters/min
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Figure 5.17 Mass flow rates (Kg/s) at different bifurcations for
breathing rate of 7.5 liters/min
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Figure 5.18 Lungmodel with the labeling convention for airway number
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Figure 5.19Mass flow rates in each airway for different breathing patterns
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5.2.3 Velocity Profiles at Bifurcations
This section discusses the velocity profiles at different locations in the lung model to
determine if any unique characteristics exist. In order to obtain the velocity contour at
various bifurcations, the planes are cut perpendicular to the plane of paper before and after
each bifurcation in Fluent. The grid is drawn and then contours are displayed at those planes.
This made the representation of the velocity contour at each bifurcation very clear. Figure
5.20a represents the morphological lung model showing various generations and bifurcations.
Figures 5.20b to 5.20e and Figures 5.21a to 5.21e shows the velocity contour at a
breathing rate of 2.011iters/min. It can be seen from Figure 5.20b the velocity profile at plane
2 is skewed towards the bifurcation while the velocity distribution is parabolic at plane 3. It
again gets skewed towards the bifurcation at plane 4. In Figure 5.20c, it can be seen that
velocity is skewed away from the bifurcation on plane 5, while it gets skewed towards the
bifurcation on plane 6 and 7.
Figure 5.20d suggests that velocity is skewed on plane 8 while it is parabolic on plane
9 and plane 10. The velocity is parabolic on plane 1 1, 12 and 13 in Figure 5.21a while it gets
skewed on plane 13, 14 and 15. The skewness is towards the bifurcation on plane 15 and
away from the bifurcation on plane 14 as shown in Figure 5.21b. Figure 5.21c shows that
velocity is skewed on all the 3 planes. The skew ness is oriented towards the bifurcation on
plane 17 and 18. The velocity is skewed on plane 19 and 21 while it is parabolic at 20 as
shown in Figure 5.2 Id.
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Figure 5.20 (a) Lung model showing various generations and bifurcations. Velocity
contours at breathing rate of 2.01 liters/min for (b) bifurcation 1 (c) bifurcation 2 (d)
bifurcation 3 (e) velocity contour scale in m/s
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Figure 5.21 Velocity contour at breathing rate of 2.01 liters/min for (a) bifurcation 4 (b)
bifurcation 5 (c) bifurcation 6 (d) bifurcation 7 (e) Velocity contour scale in units ofm/s
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5.2.4 Secondary Flow Variation at Bifurcations
The secondary (or in-plane) velocity at various bifurcations inside the lung model is
discussed in this section. The area-weighted average velocity, calculated by Fluent, is used to
analyze secondary flow strength on each plane preceding and following the bifurcations. The
secondary flow velocity vectors are shown in Figure 5.22a-5.22g. Figure 5.22a shows that
velocity vector on plane 2 and plane 3 to be in the same direction while it is deviated 45
away from the bifurcation in plane 4 as compared to plane 2. Figure 5.22b shows that
velocity vectors are moving away from the bifurcation in plane 6 and 7. In the plane 5, half
of velocity vectors are in the same directions in plane 6 and rest half along plane 7. In Figure
5.22c, velocity vectors are directed away from the bifurcation in planes 9 and 10. Vectors are
in the same direction in planes 8 and 9. Velocity vectors are scattered in all the directions in
plane 11 and plane 13, while vectors are directed away from the bifurcation in plane 12 of
Figure 5.22d. In Figure 5.22e, velocity vectors are directed away from the bifurcation in
plane 13, 14 and 15. The velocity vectors in plane 18 are oriented towards the bifurcations
while it is away from the bifurcation in plane 17. The velocity vector in plane 16 is directed
in 2 different directions in Figure 5.22f. In Figure 5.22g, velocity vectors are directed away
from the bifurcation in plane 20 and 21 while it is scattered everywhere in plane 19. It
appears that there is no regular pattern to the direction of the secondary flow relative to
bifurcation position. Because secondary flow is expected to play a role in deposition patterns
at bifurcations, future study will examine the relationship between bifurcation characteristics
(angle, diameter change, roughness, etc.) on the direction and strength of secondary flow.
The area-average secondary flow at planes entering each airway was calculated by
Fluent and is shown in Figure 5.23. Velocity represented in Figure 5.23 is maximum in
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airway 1, 2 and 7 while it is minimum in airway 9. The relationship between secondary flow
strength and deposition pattern will be investigated in future study.
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Figure 5.22 In plane velocity vectors at a breathing rate of 2.01 liters/min at (a)
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Figure 5.23 Average secondary velocities in different airways
for a breathing rate of 2.01 liters/min
5.2.5 Total Deposition in the Cast
This section discusses the total deposition results for a range of particle sizes and breathing
patterns. The post processing steps in determining the total deposition is briefly discussed.
The deposition results are then compared between different particles at different breathing
rates to see whether they conform to the physics of the deposition.
The model was run at the experimental deposition study breathing rate of 2.01 lit/min
as well as at 1.5, 4, 6 and 7.5 liters/min. These breathing rates correspond to various activity
levels from resting state to heavy exertion. For each flow rate, deposition was determined for
a range of particle sizes (0.1, 0.7, 1, 4, 7 and 10 pm), including sizes corresponding to
experimental deposition data for mainstream smoke (1.25 pm), side stream smoke (0.46 pm),
and carcinogens BaP (0.37 pm) and NNK (0.48 pm).
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The deposition data was obtained from Fluent using the discrete phase modeling
technique. This required that the flow field be solved first and then used to determine the
particle tracking. For each run, file injection was used to inject 500 particles randomly
distributed at the inlet. The particles were assumed to be initially entrained in the flow so
that the initial particle velocity is taken as the air velocity at the inlet. Appendix A.2 includes
the MatLab code used to create the injection file. The Fluent panel window shows the
number of particles injected, number of particles trapped, number of particles escaped,
number of particles reflected and number of incomplete particles. After each converged
solution the trapped number of particles was divided by number of particles injected to
calculate the % total deposition. This data was then put into the excel spreadsheet to plot the
% total deposition graphs of different particles at different breathing rates.
Figure 5.24 shows the deposition for the range of particle sizes and flow rates. For 1.5
liters/min, deposition decreases sharply from 7.4% to 3.4% when particle diameter is changed
from 0.1 pm to 0.46 pm. There is no change in the deposition for 0.46 pm, 0.48 pm and 0.7
pm. After that the deposition decreases from 3.4% to 3% when particle size is changed from
0.7 pm to 1 pm and then it remains constant from 1 pm to 1 .25 pm. For a breathing rate of
2.01 liters/min. The value of total deposition decreases from 5.8% to 4.6% and then shoots up
to 5% for diameters of 0.1, 0.46 and 0.48 pm, respectively. The deposition curve then takes
the shape of a parabola with values of 3.2%, 2.6% and 3% for 0.7, 1 and 1.25 pm sized
particle, respectively. For 4 liters/min, the deposition decreases from 7.8% to 4% and then
increases till 4.8% when diameter is changed from 0.1 to 0.37 pm and then to 0.48 pm. After
this, the graph assumes a parabolic shape taking values of 3.8%, 3.4% and 3.4% for size of
0.7, 1 and 1 .25 pm respectively. For 6 liters/min the graph starts by assuming the shape of a
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parabola. The value of deposition is 8.2%, 5%, 4.4%, 4% and 3.4% for sizes of 0.1, 0.37,
0.46, 0.48 and 0.7 pm particles, respectively. The deposition increases from 3.4% to 4%
when size is increased from 0.7 pm to 1 pm and decreases to 3.4% for 1.25 pm. For 7.5
liters/min, the deposition decreases from 6.4% to 3.6% and then to 2.8% when particle size is
changed from 0.1 pm to 0.37 pm and then to 0.46 pm. It then increases to 3.6% assuming a
parabolic shape. The deposition drops again from 3.6% to 2.2% and then increase to 3.2%
when the size is 1.25 pm. The 4 pm particle deposition increases from 2.2% to 3.6%, 8.2%,
14.2% and 14.8% when the flow rate is changed from 1.5 liters/min to 2.01, 4, 6 and 7.5
liters/min. The 7 pm particle deposition increases from 7.6% to 9.8%, 23%, 27%, 27.4% and
31.4% when the flow rate is changed from 1.5 liters/min to 2.01, 4, and 7.5 liters/min. 10 pm
particle deposition increases from 17% to 22%, 40.2%, 51.8%, and 57.6% when the flow rate
is changed from 1.5 to 2.01, 4, 6 and 7.5 liters/min. The total deposition in the cast as a
function of particle size and breathing rate is consistent with particle deposition physics. For
larger particle sizes, the deposition increases with increasing flow rate due to impaction being
the dominant mechanism. For particles in the 1 |im range, deposition is minimum due to low
sedimentation and diffusion efficiencies. For submicron particles, deposition should increase
with decreasing particle size, which increases diffusion coefficient, and decrease with
increasing flow rate, which decreases residence time.
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Total deposition in vertical position at various
breathing rates
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Figure 5.24 Total depositions in the human replica model
at various breathing rates
5.2.6 Local Deposition in the Cast
The local deposition refers to the number of particles deposited in each airway of the lung
model. This section includes the method by which local deposition data of diameter 0.37,
0.46, 0.48 and 1 .25 pm, corresponding to the sizes for BaP, side stream smoke, NNK, and
mainstream smoke, respectively. Each size was run for flow rates of 1.5, 2.01 and 7.5
lit/min, corresponding to various human activity levels. A comparison of local deposition
data for various particles at various flow rates is also done to identify any kind of local
deposition pattern which may exist.
Particle transport and deposition was solved using 500 particles distributed randomly
at the inlet. The initial velocity of the particles was taken to be air velocity at the inlet. The
data was obtained from the "Particle Tracks
Panel" in Fluent. Each of the injected particles is
assigned a unique identification number by the software. Every particle is tracked to see
whether it is getting deposited or not. If it gets deposited, then the location of the particle
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deposition is determined by tracking it visually. This method gives the local deposition of
particle in every airway and then it is divided by number of particles injected to get the %
local deposition. The airway numbering system was given previously in Figure 5.18. If a
particle falls on the bifurcation between the airway segments, the deposition was assigned to
the following airway.
Figures 5.25, 5.26, 5.27 and 5.28 give the local deposition for sizes corresponding to
BaP, side stream smoke, NNK and mainstream smoke, respectively. An error due to
misjudging the final particle position is 0.2% per particle for an injection file of 500 particles.
The maximum deposition occurs in the 12th airway for each of the sizes, independent of flow
rate. At a flow rate of 2.01 lit/min, these maximums are 1.6% for 0.37 pm, 1.2% for 0.46
pm, 1.4% for 0.48 pm particle and 1.4% for 1.25 pm particles. This patterns for the location
of maximum deposition does not correspond to a maximum mass flow through that airway
(see Figure 5.19), nor to maximum area-averages shear rate on the wall at the entrance to the
airway (see Figure 5.22), nor to the maximum area-averaged secondary flow strength (see
Figure 5.24). A slight pattern for the location for minimum deposition was also found. No
deposition occurred in airway 1, independent of flow rate for all sizes tested. No deposition
occurred in airway 7, independent of flow rate, for either 0.46 pm or 0,48 pm, nor in airway 8
for 0.37, 0.46 or 0.48 pm. For the largest particle tested, 1.25 pm, no deposition was found
in airway 7. This minimum deposition does not correspond to flow rate, average shear rate or
average secondary flow strength.
Future work will include a more sophisticated investigation into the correlation
between these flow parameters and deposition patterns. For example, currently we are
comparing total deposition and not deposition per unit surface area, or per unit length. In
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addition we have not accounted for bifurcation angle, relative airway size reduction or
surface roughness. In addition, error could exist due to the small sampling of injected
particles. Although a larger number of particles was shown not to change total deposition
(Section 3.4.3), it is possible that a larger sample number or particles would yield deposition
in generations in which the current work predicts zero deposition. Only 500 particles were
injected, which means that for these sizes approximately 50 particles were actually trapped.
Therefore, an error in counting one particle changes the deposition by 0.2%, which is
significant relative to the local deposition figures. More work is required to determine a
mathematical correlation can be derived for deposition patterns in the lung model.
c
o
Hi
O
Q.
01
Q
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
Local deposition for 0.37 micron particle
I a i HI
1.5 litres/min
2.01 litres/min
D7.5 litres/min
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Airway number
Figure 5.25 Local depositions for BaP particle
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Figure 5.26 Local depositions for sidestream smoke particle
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Figure 5.27 Local depositions for NNK particle
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Figure 5.28 Local depositions formainstream smoke particle
5.2.7 Comparison with Experimental Data
The CFD and experimental data for total deposition at various flow rates is compared in this
section for mainstream smoke, side stream smoke and BaP at breathing rate of 2.01 lit/min.
No data is available yet for NNK particle deposition. The experimental data was obtained by
Michael Oldham using an identical hollow cast of the lung model. The boundary conditions
for the simulation were consistent with the experimental conditions. Table 5.7 lists the
experimental conditions, particle size measurements and deposition results that were used to
compare with numerical simulations.
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Table 5.7 Experimental conditions, measured particle sizes and
experimental deposition results. (U. California at Irvine)
Particle Mainstream
Smoke
BaP NNK Side stream
Smoke
Measured Size* (pm)
Standard Deviation
1.25
1.8
0.37
1.4
0.48
1.4
0.46
1.4
Frequency (breaths/min) 18 18 18 18
Tidal Volume (ml) 111.2 111.8 111.8 111.8
Calculated Flow Rate
(lit/min)
2.0 2.0 2.0 2.0
Inlet Pressure atm atm atm Atm
Outlet Pressure (inches
H20)
-0.8 -0.8 -0.8 -0.8
Mass concentration
(mg/liter)
44** No data No data 0.32
Total Deposition
Range ofError
4.3%
+0.9 % (2
runs)
8.7%
+ 1.6 % (4
runs)
No data 6.6%
0.5 % (4
runs)
*Heated to 36.5C and humid ified to 90% RE
**Some of this mass is water.
Numerical results are given in Figures 5.29 for mainstream smoke, BaP, NNK and side
stream smoke, respectively. Plots are provided for each particle type at a range of activity
levels so that future experimental data can conveniently be compared to these numerical
results. In each of the simulations, the predictions were lower than experimental data. For
mainstream smoke, simulation is 3% compared to 4.30.9% experimental; for BaP,
simulation gave 5.4% compared to 8.7+1.6% experimental; for side stream smoke,
simulation gave 4.6% compared to 6.6+0.5% experimental. The data is within a few % of the
experimental error; however more experimental data are needed to do a more rigorous
comparison. Future work will include comparing simulations to experimental measurements
for additional flow rates.
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Figure 5.29 Total Deposition simulation results and available experimental deposition
data for (a) mainstream smoke (b) BaP (c) NNK and (d) side stream smoke
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Chapter 6
Conclusion
Lung deposition studies have been an important area of research for many years to gain
knowledge of the location and amount of deposition occurring in different generations and to
develop pharmaceutical medicines to treat respiratory diseases. Although a lot of work has
been done, experimentally and numerical on ideal lung models, this is the first time any work
has been done on actual 7 generation human replica lung model. CFD served as a numerical
tool to calculate the total and local % deposition along with their location. The 3 generation
lung model served as a guiding model on which different sets of simulation was done to
prove the fact the % deposition is independent of the number of particles injected inside the
lung for a given breathing rate and size of particles. Different particles like mainstream
smoke, side stream smoke, BaP and NNK were injected into the 7 generation model to study
the location and amount of their deposition.
GAMBIT is the CFD pre-processor, which was used for the present study. The 6
generation lung model was provided by a researcher Michael Oldham who conducted
experimental runs on the same model. The original geometry consisted of various corrupt and
bad parameterized edges and faces. A lot of effort was extended to remove them and replace
them with good edges so that a volume could be created. The lung volume was then meshed
using Tet/Hybrid and T-Grid scheme and exported to Fluent for processing.
Fluent is a CFD processor/post-processor which was used in this research. This
project involved discrete phase modeling since the 2 phase's, air and smoke particles, were
immiscible with each other. Initially the flow was solved for continuous phase (air) and then
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particles were injected to solve the discrete phase. This reduced the convergence problem of
the model. There are different types of injections like single, group, surface and file present in
Fluent, but in this project, file injection was used. A MATLAB code was developed to create
the particles randomly throughout the inlet face of the lung model. The output of this code
was taken in the form of a text file which was read in Fluent.
The 3 generation model was run with a breathing rates of 1.5, 4, 7.5 liters/min for
diameter of 0.01, 0.1, 1, 3, 5, 7.5, 9, 10 pm in horizontal and vertical positions. The velocity
profile showed a symmetrical profile which was expected due to the geometry of the model.
The deposition vs. diameter curve followed the same trend in the shape of a parabola for
different breathing rates.
Local deposition was plotted to see the % deposition occurring in various generations.
The particles were tracked individually to find the deposition occurring at the top and bottom
portion of the 3 generation lung model in horizontal position. The results for top and bottom
deposition in the horizontal position agreed well with experimental data, with the exception
of 10 pm particles at 1.5 liters/min. Total deposition in the horizontal position agreed well
for 3 pm particles but did not agree for 10pm particles. No experimental data was available
for 1 pm particles or for the vertical position of the 3-generation lung model.
The simulation was performed on the 7 generation model for breathing rates of 1.5,
2.01, 4, 6 and 7.5 liters/min for diameter of 0.37, 0.46, 0.48, 0.7, 1, 1.25 pm. The deposition
versus diameter curve followed a similar parabolic shape for different breathing rates. Local
deposition was plotted to see the percent deposition occurring in different generations by
individually tracking each particle. The total deposition from the simulation matched well
with the experimental results for this model. No experimental data was available for local
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deposition.
An initial analysis was conducted to determine if the axial and secondary flow
profiles of the 7 generation model could be correlated to the deposition patterns. No obvious
correlation could be made between mass flow rate through a given airway, velocity gradient
at the wall, the shape of the axial velocity profile or secondary flow shape and deposition.
However, a more extensive study will be done in the future to investigate these relationships.
Future work will include a more sophisticated investigation into the correlation
between flow parameters and deposition patterns. In addition, the effect of the random
particle distribution on particle deposition will be investigated. Model predictions will be
compared to experimental data for additional sizes and flow rates as these data become
available.
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Appendix A
Mat lab Code
A.l Code for Generating Random Particles in Ideal LungModel
clc
clear all
%*********************************#****#********
% Generation of random points inside a square
%******************######:(:********#**********##*
P=l;
fprintf(Enter the no of particles desired Nn5);
n=input("); % n stands for the no of particles desired inside a circle with diameter of 5mm
N = (4/pi)*n; % N = no of particles inside a square 5x5 mm, with the same particle density
q = round((N/4)A0.5)+l ; % square root of the no of particles to be generated in l/4th part of the
square
Zl=rand(qA2,l)*0.0025; % (Xi,Zi) coordinates for the particles in each quarter of the square, i =
1,2,3,4
Xl=rand(qA2,l)*0.0025;
Z2=rand(qA2,l)*-0.0025;
X2=rand(qA2,l)*-0.0025;
Z3=rand(qA2,l)*0.0025;
X3=rand(qA2,l)*-0.0025;
Z4=rand(qA2,l)*-0.0025;
X4=rand(qA2,l)*0.0025;
X = [XI ;X2;X3;X4]; % X is the assorted matrix of all the X coordinates
Z=[Z1 ;Z2;Z3;Z4]; % Z is the assorted matrix of all the Z coordinates
plot(X,Z,'o') % plot of the points generated in the square
o^**************************************************************************
% Loop for eliminating the points outside the circle
of,**************************************************************************
p = 1 ; % iteration no
fork=l:4*qA2
point_radius = ((X(k))A2+(Z(k))A2)A0.5; % Radius of the generated points
if point_radius <= 0.0025
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x(p) = X(k); % x coordinate
z(p) = Z(k); % z coordinate
y(p) = 0; % y coordinate, equal to zero since the points in a plane
u(p) = 0;
v(p)= 1.01674;
w(p) = 0;
dia(p) = 10e-6;
temp(p) = 300;
mFlow(p) = 0;
wildl(p) = 991 ; % wild numbers to be eliminated later
wild2(p) = 992;
wild3(p) = 993;
wild4(p) = 994;
p = p+l;
else
end
end
qq = [wildl ; wild2; x; y; z; u; v; w; dia; temp; mFlow; wild3; wild4 ]'; % matrix of coordinates to
be fed to Fluent
length(qq);
% Loop to elimiate the extra particles
na=length(qq);
if na<n
fprintf(Particles inside the circle are less than required. Please run the program again)
elseif na==n
fprintf(The points were generated successfully');
else
ee=na-n;
for ii=l:ee
b=rand(l,l); % random no generated to remove the extra particles in a random fashion
b2=round((b)*n);
qq = [qq((l:(b2-l)),:) ; qq(((b2+l):length(qq)),:)];
end
end
fprintfC\n\n\nNo of points generated = ) ;disp(length(qq))
figure
plot(x,z,'o') % plot of points generated in the circle
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A.2 MATLAB Code for generating random particles in
morphologically accurate lung model
clc
clear all
%*********************************************.,..,.
% Generation of random points inside a square
%***********************************************
P=l;
fprintf(Enter the no of particles desired \n');
n=input("); % n stands for the no of particles desired inside a circle with diameter of 5mm
N = (4/pi)*n; % N = no of particles inside a square 5x5 mm, with the same particle density
q = round((N/4)A0.5)+l ; % square root of the no of particles to be generated in l/4th part of the
square
Zl=rand(qA2,l)*0.00; % (Xi,Zi) coordinates for the particles in each quarter of the square, i =
1,2,3,4
Xl=rand(qA2,l)*0.0025;
Z2=rand(qA2,l)*-0.0025;
X2=rand(qA2, 1 )*-0.0025 ;
Z3=rand(qA2,l)*0.0025;
X3=rand(qA2,l)*-0.0025;
Z4=rand(qA2, 1 )*-0.0025;
X4=rand(qA2,l)*0.0025;
X = [XI ;X2;X3;X4]; % X is the assorted matrix of all the X coordinates
Z=[Z1 ;Z2;Z3;Z4]; % Z is the assorted matrix of all the Z coordinates
plot(X,Z,'o') % plot of the points generated in the square
% Loop for eliminating the points outside the circle
c? *************************************************************************
p = 1 ; % iteration no
fork=l:4*qA2
point_radius = ((X(k))A2+(Z(k))A2)A0.5; % Radius of the generated points
if point_radius <= 0.0025
x(p) = X(k)-126.6e-3; % x coordinate
z(p) = Z(k)+1 63 1 .9e-3 ; % z coordinate
y(p) = -49e-3; % y coordinate, equal to zero since the points in a plane
u(p) = 0;
v(p) = 1.01674;
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w(p) = 0;
dia(p)= 10e-6;
temp(p) = 300;
mFlow(p) = 0;
wildl(p) = 991 ; % wild numbers to be eliminated later
wild2(p) = 992;
wild3(p) = 993;
wild4(p) = 994;
p = p+l;
else
end
end
qq = [wildl; wild2; x; y; z; u; v; w; dia; temp; mFlow; wild3; wild4 ]'; % matrix of coordinates to
be fed to Fluent
length(qq);
%**************************************
% Loop to eliminate the extra particles
na=length(qq);
if na<n
fprintf(Particles inside the circle are less than required. Please run the program again)
elseif na=n
fprintf(The points were generated successfully');
else
ee=na-n;
for ii=l:ee
b=rand(l,l); % random no generated to remove the extra particles in a random fashion
b2=round((b)*n);
qq = [qq((l:(b2-l)),:) ; qq(((b2+l):length(qq)),:)];
end
end
fprintfC\n\n\nNo of points generated = ) ;disp(length(qq))
figure
plot(x,z,'o') % plot of points generated in the circle
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Appendix B
Geometry Rendering andMeshing Details
for Human Replica Model
Table B.l List of the virtual faces created by different edges. See section 5.3.1 of text
formore detail
Edges Virtual
Faces
Edges Virtual
Faces
1116, 1114, 1122,1123, 1127, 1283,
1279, 1120
v_face 462 1903, 1608, 1616, 334, 1606 v_face 505
1302, 1742, 1215, 1217 v face 464 1902, 1606, 1443, 495 v face 506
1717, 1724, 1111, 1011 v face 466 1908, 1508,461, 1507 v face 5 1 1
549,517,515,560 v face 468 763, 765, 1671, 1634, 1628, 1629 v face 512
246, 1845,57 v face 469 1348,843, 1362, 1368,753,751 v face 514
368, 357, 280 v face 47 1 1917,829, 1842, 1832, 1825 v face 515
863,599,601,627,629,792 v_face 472 1918, 1920, 1922, 849, 851 v face 516
1591, 1322, 1604, 1597, 546, 539 v face 473 1918, 1919, 1317, 1328 v face 518
111, 160,329, 118 v_face 474 1927, 1774, 1583, 1578 v_face 520
481,469, 1503,492 v face 475 429, 1929, 1562 v face 521
1630, 1796, 1797, 1815 v_face 477 1931, 1930, 1917, 1927 v_face 522
893, 1761, 1862,779,904 v face 478 1931, 1928, 1929, 1567 v_face 523
1863, 970, 935, 1862, 1768, 1766, 887 v_face 479 1497, 1501, 1498, 1886, 1884 v_face 524
1864, 972, 1863, 891 v face 48 1 1932, 1934, 1226, 1228 v_face 526
827,1864,980,974 v_face 483 1934, 1234, 1235, 1933 v_face 528
1875,686,683,682, 1873 v_face 485 1932, 1237, 1243, 1241 v_face 530
1875, 1664, 1657, 1874 v face 487 1933, 1238, 1239, 1237 v_face 532
1874,1873,743,737,735 v face 488 1951, 1804, 1812, 1798 v_face 534
1497, 1504, 1482, 1459 v_face 490 1951, 1828, 1832,1830 v_face 536
1884, 1885, 1460, 1458, 1459 v_face 492 1554, 1556, 1961, 1960 v_face 538
1886, 1333, 1464, 1885 v_face 495 1549, 1961,1507,463 v_face 540
1891, 1893, 1472, 1468 v_face 496 643, 1960, 1908, 1512, 635, 641 v_face 541
1891, 1892, 387, 385, 388 v face 497 1921, 888, 1922 v_face 543
1892, 1893, 1480, 1481 v_face 499 1921, 892, 881, 1320, 1919, 1920 v_face 544
233,204,201,212,219 v_face 500 1827, 1675, 1672, 1676, 1680, 1677 v_face 545
233, 236, 229, 235 v face 502 13,7,9,23,25,31 v_face 546
1620, 1903, 1902, 1621 v_face 504
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Table B.2 List of edges meshed by successive ratio of 1.1 and interval count of 10. See
section 5.3.1 of text formore detail
1712 1696 1699 1694 1714 1139 1704 1701 1059
1708 1705 1165 1727 1257 1294 1181 1296 1295
1687 1155 1731 1286 1182 1728 1161 1726 1293
1285 1288 1732 1725 895 899 951 952 950
897 904 935 779 893 798 1763 1862 1761
915 898 1765 949 1768 887 1766 946 1767
1000 948 938 992 56 853 965 794 940
944 942 957 847 831 973 1361 1842 829
1362 1263 1840 1677 1369 766 1678 1666 755
1678 755 1679 1368 824 753 1348 1346 843
1-365 758 823 841 1927 429 1931 1928 1929
1578 1563 1564 578 431 603 1930 1917 1779
1576 1580 1562 1566 1567 280 368 367 381
402 1467 1496 383 279 1495 377 277 379
1447 371 446 1493 1488 1501 490 492 1503
469 487 467 491 1498 1886 1504 1497 1330
735 679 1874 1659 1875 1657 1660 1664 1662
686 729 677 808 714 683 682 804 743
1873 204 243 1414 227 226 235 233 269
237 1415 1416 1438 236 239 223
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